A combination of demethylating agents and histone deacetylase inhibitors (HDACi) has been proposed as a novel therapy in leukemia and myelodysplasia. In HL-60 cells azacytidine (AZA) and Metacept-1 (MCT-1), a novel HDACi augmented inhibition of cell growth and increased apoptosis. In identifying a molecular mechanism responsible for these effects MCT-1 alone and in combination with AZA induced p15
Introduction
Leukemogenesis results from a complex interplay between genetic abnormalities and epigenetic changes resulting in aberrant expression of genes critical to cell proliferation and survival. Epigenetic DNA methylation of promoter CpG islands is associated with gene silencing and utilizes DNA methyl transferease (DNMT) and recruitment of histone deacetylase (HDAC) to achieve this outcome (1) .
Aberrant DNA methylation is frequently observed in acute leukemias and the myelodysplastic syndrome (MDS) (2-4) and may result from hypermethylation-mediated repression of tumour suppressor genes including p15
INK4b (4, 5) . The demethylating agent's 5-aza-cytidine and its deoxy derivative, decitabine are nucleoside analogues that inhibit DNA methylation by the trapping of DNA methyltransferases (DNMTs) and have recently been used in the treatment of MDS (6) . AZA not only effectively switches off hypermethylation-mediated gene repression as seen for p15
INK4b (4, 5, 7) , but also induces apoptosis, via activation of the effector Caspase-3 in HL-60 cells (7) and may also be involved in the induction of the cell cycle inhibitor p21 WAF1/CIP1 , arresting acute myeloid leukemia cell lines in G1 of the cell cycle (8) . Inhibition of Bcl-2 as well as Bcl-XL expression may also be involved in the AZA-induced apoptosis (9) .
Of potential concern regarding clinical use of DNA methylation inhibitors are the results from in vitro observations identifying stimulation of cellular growth and invasion of solid tumours through reactivation of genes including MMP-9, silenced by promoter methylation (10) (11) (12) .
Chromatin structure as determined by histone acetylation under the control of histone acetylase transferases (HAT's) and histone deacetylases (HDACs) synergizes with demethylation in the control of gene expression (13) .
Histone deacetylase inhibitors (HDACi) represent a novel, structurally heterogeneous class of compounds that have recently been described to have significant therapeutic activity in the treatment of haematological malignancies (14) . In vitro HDACi have been shown to up-regulate p15 INK4b , p21
and Caspase-3 expression whilst down-regulating Bcl-XL and MMPs in cell lines (8, (15) (16) (17) (18) (19) (20) (21) . Interestingly, HDACi have also been demonstrated to increase expression of the inducible orphan nuclear receptor Nur77 (22) whose expression has recently been demonstrated to be abrogated in acute myeloid leukemia (23) .
Numerous in vitro studies together with recent preclinical and early phase clinical studies identify significant anti-leukemic activity of a combination of HDACi with demethylating agents with greater inhibition of growth and DNA synthesis and a greater loss of clonogenicity than that observed by single agent treatment in in vitro studies (6, 8, 13, (24) (25) (26) (27) (28, 29) is also a potent inhibitor of histone deacetylase at concentrations in the micromolar range (30) . Based on the known hypomethylating activity and clinical anti-leukemia activity of AZA and the recently reported HDACi activity of MCT-1 (30), we studied the effect of the combination of these agents in the HL-60 leukemia cell line and explored the molecular mechanisms responsible for these effects.
Materials and methods
Cell culture. HL-60 cells were cultured in RPMI-1640 (Gibco BRL) containing 10% heat inactivated fetal calf serum and kept in a 5% CO 2 incubator at 37˚C. Agents [AZA (kind gift of Pharmion Australia) and Metacept-1 (MCT-1), synthesized in the Department of Chemistry, Monash University, Melbourne, Australia; MCT-1 was generated by methyl substitution of the phenyl group of Oxamflatin] were added to plates together with fresh medium every 24 h for stipulated times. AZA was dissolved in H 2 O with 0.2% acetic acid and used at a final concentration of 1.0 μM. MCT-1 was dissolved in PBS with 1% DMSO and used at a final concentration of 0.5 μM. In combination experiments AZA and MCT-1 were added simultaneously to the cell culture medium. For cell growth and apoptosis assays control treatment (Con) consisted of 0.2% acetic acid together with 1% DMSO.
Growth inhibition assay. HL-60 cells in log phase were plated at a density of 0.2x10 6 in 10 ml of medium. Cells were harvested at 24 and 96 h. Cell viability was assessed using 0.4% trypan blue staining immediately after culture. Black staining cells were considered as non-viable cells and unstained bright cells as viable. All experiments were repeated a minimum of 4 times with averages displayed graphically.
Apoptosis assay. Apoptosis was determined by a photometric enzyme-immunoassay (ELISA), using a commercially available kit (Boehringer Mannheim). The assay was based on a quantitative sandwich enzyme-immunoassay principle using mouse monoclonal antibodies directed against DNA and histones, respectively. The mean of 3 or more experiments identifying apoptotic cell numbers is presented.
Histone isolation and Western blotting.
Histones were isolated by acid extraction, as previously described (8) . Cells (5x10 6 ) treated with or without drug were harvested and washed with phosphate-buffered saline (PBS). HL-60 cells were lysed in ice-cold lysis buffer [10 mM HEPES (pH 7.9), 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT and 1.5 mM phenylmethylsulfonyl fluoride] and 5 M H 2 SO 4 was added. After incubation on ice for 1 h, the suspension was centrifuged and the supernatant was harvested, mixed with acetone at a ratio of 9:1 and incubated at -20˚C overnight. After centrifugation, the pellet was washed with 70% ethanol and air dried and the acidsoluble histone fraction was dissolved in H 2 O. A BCA protein assay was then used for quantitation (Pierce) and histones were electrophoresed through a 15% SDS-PAGE gel and transferred to PVDF membrane. Membranes were incubated with antiacetylated histone H3 (Upstate Biotechnology), followed by horseradish peroxidase-conjugated secondary antibody. Immunoreactive bands were visualized by enhanced chemiluminescence. Experiments were performed independently a minimum of 3 times.
Semi-quantitative RT-PCR and real-time QPCR.
RT-PCR was performed on total RNA extracted from HL-60 cells. For PCR primer sequences see Table I . All PCR products were sequenced to confirm the identities and repeated 3 times.
Scanning densitometry analyses were performed on RT-PCR products using the GeneSnap imaging software (Synoptics, UK). Band intensity values for p15 INK4b , p21 WAF1/CIP1 , Bcl-XL, Caspase-3 and MMP-9 mRNA were normalized to those for GAPDH mRNA and the resultant p15 INK4b , p21 WAF1/CIP1 , Bcl-XL, Caspase-3 and MMP-9: GAPDH ratios were plotted to illustrate variations in gene expression.
For QPCR, RNA was heated at 65˚C for 10 min immediately prior to first-strand cDNA being generated using reverse transcriptase (Invitrogen, USA) with oligo (DT) 15 primers, in the presence of 1 mM of each dNTP and DTT. For real-time QPCR step, reaction volumes of 20 μl contained SYBR-Green 1 buffer (Eppendorff, USA) and forward and reverse primers for ß-actin or Nur77 (see Table I ). Samples were run in duplicate with RNA preparations from 3 independent experiments. Real-time QPCR was run by 50 cycles (95˚C 15 sec, 56˚C 56 sec, 68˚C 45 sec) and each PCR run also included triplicate wells of no template control Table I . Primers for RT-PCR and real-time PCR.
. A melting point dissociation curve generated by the instrument was used to confirm that only a single product was present. The fluorescence resulted from the incorporation of SYBR-Green 1 dye into the double-stranded DNA produced during the PCR reaction and emission data were quantitated using the threshold cycle (C T ) value. Data were normalized to ß-actin and presented as the mean fold change compared with control.
SDS-PAGE and zymography studies.
An aliquot of conditioned medium from HL-60 cells treated with AZA or/and MCT-1, together with untreated control cells, was electrophoresed through a 10% acrylamide SDS-PAGE gel containing 0.15% gelatin under non-denaturing conditions. Gels were washed twice with Triton X-100 and incubated in developing buffer at 37˚C overnight. The gels were stained with Coomassie blue R250 and destained with water. A SDS-PAGE gel (without gelatin) was used as a loading control. All experiments were repeated 3 times.
Statistical methods. The effects of AZA and MCT-1 alone and in combination on cell growth, apoptosis and p15 INK4b , p21 WAF1/CIP1 , Bcl-XL, Caspase-3, MMP-9 and Nur77 mRNA expression was assessed by analysis of variance (ANOVA). Specific differences were tested with Bonferroni's post hoc comparison test. Data are expressed as mean ± SEM and P<0.05 was considered statistically significant. induce growth inhibition (8, 13, 24, 25, 30) . MCT-1 and AZA decreased the number of viable cells by 30-70% of control respectively at 96 h (Fig. 1a) . As a control, HL-60 cells were grown in the presence of a combination of acetic acid and DMSO at the same concentration used in the presence of AZA and MCT-1 (Fig. 1a) . The combination of both agents resulted in complete inhibition of cell growth at 96 h (Fig. 1a) suggesting that augmentation of inhibition of cell growth is achieved with a combination of AZA and MCT-1 over agents used singly.
Results

AZA
AZA and MCT-1 in combination augments apoptosis in HL-60 cells.
AZA treatment increased the number of apoptotic cells by 3-fold over control whilst MCT-1 had no significant effect on percentage of apoptotic cells at 96 h (Fig. 1b) . The combination of both agents resulted in a 4-fold increase in the number of apoptotic cells over control suggesting that AZA-mediated apoptosis is augmented with a combination of AZA and MCT-1.
MCT-1 alone and in combination with AZA increase histone H3 acetylation in HL-60 cells.
MCT-1 treatment significantly (1.5-fold) increased histone H3 acetylation after 24 h whilst no effect of AZA was observed (Fig. 1c) . Interestingly, addition of AZA to MCT-1 resulted in a significant increase in induction of histone H3 acetylation after 24 h, in the order of 2-3-fold, compared to MCT-1 treatment alone (Fig. 1c) . (Fig. 2a) . A combination of MCT-1 and AZA resulted in an additive and significant increase in p15
Effect of AZA and MCT-1 on regulation of cell cycle gene expression in HL-
INK4b mRNA expression over single agent treatment (Fig. 2a) . A minor increase in expression of another cell cycle regulatory protein p21 WAF1/CIP1 was observed with single agent treatment although when used in combination MCT-1 and AZA treatment resulted in a significant induction of p21 WAF1/CIP1 mRNA expression (Fig. 2b) .
Effect of AZA and MCT-1 on apoptosis and tumour suppressor gene expression in HL-60 cells.
AZA treatment resulted in a non-significant increase in Caspase-3 mRNA expression, whilst MCT-1 treatment resulted in a significant increase in Caspase-3 expression (Fig. 3a) . The combination of AZA and MCT-1 again resulted in a significant increase in induction of Caspase-3 expression over single agent treatment (Fig. 3a) . Single agent treatment resulted in a modest non-significant decrease in expression of Bcl-XL mRNA whilst combination treatment resulted in a significant inhibition of Bcl-XL mRNA expression (Fig. 3b) .
Real-time PCR analysis demonstrated only a minor nonsignificant induction of Nur77 mRNA expression by single agent treatment, however the combination of MCT-1 and AZA resulted in a significant increase in Nur77 expression over single agent treatment (Fig. 3c) .
Effect of AZA and MCT-1 on MMP-9 mRNA and proteolytic activity in HL-60 cells.
In our in vitro cell system AZA treatment resulted in a significant increase in MMP-9 mRNA expression and proteolytic activity (Fig. 4a and b) . Whilst MCT-1 alone had no effect on MMP-9 expression or activity the combination of AZA and MCT-1 completely and significantly abrogated the induction of MMP-9 identified with AZA alone (Fig. 4a and b) .
Discussion
Preclinical and clinical studies suggest that both AZA and HDACi alone and in combination possess considerable therapeutic activity against a number of haematological malignancies (6) (7) (8) 14, (24) (25) (26) (27) . Indeed, based on mechanism of action studies a combination of these two agents may prove more clinically efficacious than single agent treatment (6, 13, 26, 27) .
Results of growth inhibition and induction of apoptosis studies, in keeping with previous in vitro studies utilizing a combination of AZA and known HDACi (8, 24, 25) , indicate that the combination of AZA and a novel HDACi MCT-1 may have improve apoptotic and growth inhibitory activity over single agent treatment (Fig. 1) . Whilst dosing order of HDACi and AZA may be of importance in determining the effects of these agents (13) , recent studies suggest effects on cell viability are independent of the sequence of administration (8) and are reflected by our decision to treat cells concomitantly with MCT-1 and AZA in combination studies. In reviewing the histone acetylation pattern of the agents used in our studies we have identified augmentation of MCT-1-mediated histone H3 acetylation by AZA (Fig. 1c) . Previous studies utilizing the butyrate analogue valproic acid in combination with 5-aza-2'-deoxycytidine demonstrate enhanced histone H3 acetylation over single agent treatment (8) . These effects have been postulated to result from demethylating agent-mediated opening of chromatin structure facilitating enhanced histone acetylation (8) .
To assess the mechanism of action of the combination of AZA and MCT-1, we investigated the effects of these agents on several apoptosis and cell cycle associated genes in HL-60 cells. The effects of AZA on enhanced p15
INK4b expression have been well documented, are considered a marker of gene demethylation and are thought pivotal in the therapeutic activity of this agent (4, 5, 26) . Results of our studies demonstrated p15
INK4b expression was, as expected, reactivated by AZA (Fig. 2) . MCT-1 alone also increased p15 AZA and MCT-1 resulted in a significant increase in expression of p15 INK4b over single agent treatment. Recent evidence suggests that epigenetic silencing of the cyclin-dependent kinase inhibitor p21 WAF1/CIP1 is also implicated in the pathogenesis of some hematological malignancies (9) . We identified a minor increase in p21 WAF1/CIP1 expression with AZA or MCT-1 alone, whilst addition of a combination of MCT-1 to AZA significantly increased expression of p21 WAF1/CIP1 (Fig. 2 ). Significant induction of both p15 INK4b and p21 WAF1/CIP1 by the combination of AZA and MCT-1 may in part provide a molecular mechanism for the enhanced apoptotic and cell inhibitory activity identified over single agent treatment in our study.
In addition to inhibition of cell cycle progression modulation of apoptotic pathway components affords a potential mechanistic explanation for the observed effects of the combination of AZA and MCT-1. Previous studies suggest demethylating agents and/or HDACi induce apoptosis reliant on activation of the effector Caspase-3 and down-regulation of the anti-apoptotic molecule Bcl-XL (7-9,18). Our results concur with these observations and indicate that MCT-1 alone was more effective than AZA at inducing Caspase-3 expression and that the combination of AZA and MCT-1 was more effective than either compound alone at significantly attenuating Bcl-XL expression (Fig. 3) . Together these observations provide additional evidence of the molecular mechanism responsible for the biological activity of the combination of AZA and MCT-1.
Recently Mullican and co-workers reported that abrogation of both Nur77 and nor-1 results in development of acute myeloid leukemia in mice and down-regulation of Nor-1 and Nur77 was a common feature in leukemic blasts from human AML patients, suggesting these molecules may be acting as tumour suppressors and thus re-expression and/or activation of nor-1 and Nur77 may be of therapeutic relevance in the treatment of AML (23) . The orphan nuclear receptor Nur77 has been reported to translocate from the nucleus to the mitochondria, bind Bcl-2, release cytochrome c and induce apoptosis (31, 32) potentially explaining why loss of this molecule may predispose to leukemogenesis. We demonstrate for the first time that both AZA and MCT-1 treatment result in an increase in expression of Nur77 and the combination of MCT-1 and AZA significantly increased expression of Nur77 (Fig. 4) . These results identify a potential molecular mechanism for enhanced apoptotic and growth inhibitory activity of the combination of AZA and MCT-1.
Previous in vitro studies of AZA-mediated reactivation of MMP expression and enhancement of cancer cell invasion sound a potential side effect warning for use of demethylating agents and may restrict their application in a range of otherwise clinically relevant circumstances (10) (11) (12) . Our results identify for the first time in vitro attenuation of AZA-induced MMP-9 expression and proteolytic activity by concomitant administration of the HDACi MCT-1. These observations suggest that the established biological effect of the combination of AZA and MCT-1 may also afford protection from potential adverse effects associated with AZA treatment.
In summary, we have demonstrated in vitro augmentation of inhibition of cell growth and increased apoptosis in HL-60 cells treated with a combination of AZA and the novel HDACi MCT-1. These effects may be in part due to increased expression of p15
INK4b , Caspase-3, p21 WAF1/CIP1 and Nur77 combined with down-regulation of Bcl-XL. AZA-induced MMP-9 expression is completely attenuated by addition of MCT-1. Taken together these results suggest that the combination of AZA and MCT-1 has significantly more apoptotic and growth inhibitory activity than single agent treatment, utilizes molecular machinery involving multiple cell and apoptosis-associated molecules together with a putative tumour suppressor gene and may protect from adverse outcomes associated with use of demethylating agents alone.
